Solubility, Miscibility and Processability of Thermosetting Monomers as Reactive Plasticizers of Polyetherimide  by Rusli, Arjulizan et al.
 Procedia Chemistry  19 ( 2016 )  776 – 781 
1876-6196 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia
doi: 10.1016/j.proche.2016.03.084 
ScienceDirect
5th International Conference on Recent Advances in Materials, Minerals and Environment 
(RAMM) & 2nd International Postgraduate Conference on Materials, Mineral and Polymer 
(MAMIP), 4-6 August 2015 
Solubility, miscibility and processability of thermosetting 
monomers as reactive plasticizers of polyetherimide 
Arjulizan Ruslia*, Nur Shuhada Mohd Raffia, Hanafi Ismaila 
aNiche Area Polymer and Composites, School of Materials & Mineral Resources Engineering, Engineering Campus, Universiti Sains Malaysia, 
14300 Nibong Tebal, Pulau Pinang, Malaysia  
Abstract 
A relatively new way to improve processability of thermoplastics is via the use of crosslinkable monomers which can act as reactive 
plasticizers and reduce the viscosity in the early stage of processing and then polymerize and phase separate during the final stage 
of processing thus recovering the original thermoplastics properties. This preliminary research aims to study the applicability of a 
range of allylic and epoxy monomers as reactive plasticizers of polyetherimide (PEI) in terms of solubility and processability of 
the monomers. Solubility parameters were calculated based on group additivity approach showed that only triallyl isocyanurate 
(TAIC) should be miscible with PEI. However, Tg of various concentrations of PEI/TAIC blends indicated immiscibility of the 
system in the presence of 10wt% PEI while miscibility of the components improve with increasing PEI content. The lower Tgs of 
the PEI/TAIC blends compared with pure PEI suggested the improvement in processability of PEI with the presence of TAIC. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia. 
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1. Introduction 
Aromatic polymers such as polyetherimide (PEI), polyphenylene oxide  and polysulfone possess many desirable 
properties such as high toughness, strength and heat distortion temperature but their rigid aromatic backbones means 
that they must be processed at high temperatures where these polymers are prone to degrade. Among the conventional  
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methods to improve processability of thermoplastics include blending with a more processable polymer and use of 
inert plasticizers.    
An alternative way1 to improve processability of these thermoplastics is by blending with a small amount of 
crosslinkable monomer which reduces the viscosity and thus processing temperature. Subsequently, the monomer can 
be polymerized at the end of processing and will phase separate.  The polymer which forms the continuous phase 
depends on the original composition of the thermoset-thermoplastic blend and this defines the final properties of the 
blends. When the final blend morphology is dispersed thermoset particles in the thermoplastic matrix, the 
thermomechanical properties of the thermoplastic could be regained.  
One of the important requirements for this application is the miscibility between the thermoplastic and the 
thermoset monomer at the early stage of processing to successfully reduce the glass transition temperature (Tg) and 
thus processing temperature of the blend.  Another important criterion is the ability of the thermosetting monomer to 
react at high temperature with low reaction rate. Allylic monomers, which are known to undergo chain growth 
polymerization at low rate and high conversion at gel point and also epoxy monomers which can undergo reaction at 
high temperature with a suitable curative, can be suitable reactive plasticizers since it is vital that the reactive monomer 
does not form a network prematurely during the early stages of processing. A few researchers reported the use of 
allylics and epoxy monomers as reactive plasticizers in thermoplastics such as polyphenylene ether2, 3, polyvinyl 
chloride4 or polycarbonate.5, 6 Meanwhile, blending of a small amount of PEI with epoxy7 is normally done with a 
primary aim to improve toughness of epoxy. This preliminary research was conducted in order to determine the 
applicability of allylic and epoxy monomers as reactive plasticizers in PEI based on solubility and processability of 




TAIC triallyl isocyanurate 
Tg glass transition temperature 
 
2. Experimental  
2.1. Materials 
The thermoplastic used was polyetherimide (PEI), which was supplied from Sabic Innovative Plastics (formerly 
known as General Electronic Plastics) under trade name of ULTEM 1000 in pellet form. The selected thermosetting 
monomer (TAIC) was purchased from Aldrich and were used as received. Table 1 shows the chemical structure of 
PEI and a range of the allylic and epoxy monomers considered in this study as suitable candidates to act as reactive 
plasticizers. 
 
2.2. Solubility parameter calculation 
In order to choose the suitable thermosetting monomers to plasticize the PEI, the solubility of PEI and the 
thermosetting monomers must be accessed. Hildebrand solubility parameters (δ) of various allylic and epoxy 
monomers were calculated by using the group additivity approach (Equation 1, where Ecoh is the group cohesive 
energy densities and V is the group molar volume) to obtain an indication of the relative solubility of the monomers 
with different chemical characteristics and thus suggesting their ability to act as reactive plasticizers. Based on this 
approach, the solubility parameters of the monomers were calculated using group contribution constants considering 
the chemical groups present in the repeat unit of the polymer (Table 1).  The solubility parameter of an aromatic amine 
(4,4’-methylene bis(3-chloro-2,6-diethylaniline)) which is a suitable as curing agent of epoxy for high temperature 
application was also calculated to obtain estmation of  solubility in PEI.  
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2.3. Blending of various concentrations of PEI/allylic blends 
Blends of different ratios of PEI (10, 20, 30, 40 and 60wt% of PEI) and allylic monomer were prepared by 
solvent blending method by dissolving PEI in chloroform and then mixing with allylic monomer producing 10% 
solution. The solutions were cast on a petri dish to form film for Differential Scanning Calorimetry (DSC) study. The 
solvent was then evaporated at room temperature for a few hours before further drying at 50°C in an oven for 2 hours. 
The PEI/allylic blend samples were identified by the code of wt%PEI/wt%TAIC so that 10PEI/90TAIC was identified 
as the sample containing 10wt% PEI and 90wt% TAIC.  
2.4. Differential Scanning Calorimetry (DSC)  
Temperature-ramping DSC studies were done to determine the Tg of the solvent blended samples of various 
concentrations of PEI/allyllic blends which can be an indicator for the miscibility and processability of the blends. The 
samples used were formed by the solvent blending of PEI and allylic monomer. Approximately 10 mg of the samples 
were analysed using the Mettler Toledo Star 1 DSC in aluminium pans. All samples were heated from 30°C to 250°C 
at the heating rate of 10°C/min then cooled to 30°C at 10°C/min before being re-heated at the same rate to 250°C. 
 
Table 1. Chemical structure of the thermoplastic and thermosetting monomers considered in this study. 
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3. Result and discussion 
3.1 Solubility parameter  
 
In order to choose the suitable thermosetting monomers to plasticize the PEI, the solubility of PEI and the 
monomers must be accessed. To obtain an indication of the relative solubility of the monomer components with PEI 
and thus predicting their ability to act as a reactive plasticizer, the Hildebrand solubility parameter which is widely 
used in a range of applications was applied. The solubility parameters were calculated by using the group additivity 
approach with the assumption that the contributions of different functional groups to the thermodynamic property are 
additive and equivalent to the solubility of its repeat unit.8 There are a few main set of group constants available in 
literature which was obtained from different measurements.8  
Table 2 lists the solubility parameters for PEI and the thermosetting monomers calculated from Fedors9, 
Small10 and van Krevelen11. The calculation of solubility parameter from group contribution method is limited by the 
fact that most of the set of data available (e.g. Small and van Krevelen) do not have all the groups constant for 
functional groups of materials considered in this study. Only Fedor’s9 method includes all the group constants 
necessary for functional groups of PEI and the thermosetting monomers. For comparison purposes, it is recommended 
that the comparison of solubility parameter is made from a similar set of data and so the comparison of solubility 
parameters could only be made using Fedor’s method.  
It can be observed from Table 2 that only solubility parameter of TAIC is quite similar to PEI and since a 
mixture with a solubility parameter difference within 2 MPa1/2 is considered on energetic grounds to be miscible 12, 
TAIC should be suitable as reactive diluent for PEI. Meanwhile, other monomers i.e. diallyl phthalate and epoxy are 
considered to be immiscible with PEI. Epoxies were reported to be partially miscible with PEI13. However, it should 
be noted that this method of evaluating phase miscibility from purely enthalpic considerations is a rough estimation 
and the calculation of solubility parameter can be used as a first approach to identify what would be the best monomer 
to investigate. 
Table 2 also illustrates that, there are slight variations on the calculated solubility parameters for diallyl 
phthalate and diethylene glycol diallyl carbonate calculated from the three tabulated data. PEI was reported to have 
solubility parameter values in the range of 19-23 MPa1/2. The variation of solubility parameter values depending on 
the set of data used might be due to different measurements done to determine the group constants data.  
                       Table 2. Solubility parameters (in MPa1/2) calculated from various data. 
Materials  Fedors 9  Small 10 van Krevelen 11 
PEI 28.9   
Diallyl phthalate 22.5 20.5 22.9 
Diethylene glycol di(allyl carbonate) 20.2 17.7 19.1 
Triallyl cyanurate 23.2   
Triallyl isocyanurate 29.2   
Diglycidyl ether of bisphenol A 22.3   
4,4’-methylene bis(3-chloro-2,6-diethylaniline) 23.1   
*The presence of empty cells in the table is due to the absence of some of the functional groups (e.g. –N=) in the group constant data 
3.2 Tg of PEI/TAIC blends 
        Since solubility parameter calculations estimate that TAIC should be miscible with PEI, the Tgs of the various 
concentrations of PEI and TAIC blends which can give indication of processability and miscibility of the blends were 
examined. Temperature-ramping DSC studies were conducted on the samples and the DSC curves during re-heating 
were analyzed in order to determine of Tg of the blends (Figure 1). It can be observed from Figure 1 that, in general 
two heat steps were present in the sample with 10wt% PEI suggesting that the blend were immiscible while a broad 
heat step was observed with higher compositions of PEI indicating that the blends were partially miscible in the 
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presence of more than 20w% PEI. Table 3 listed the Tg of the blends with different ratios of the PEI and TAIC. In the 
presence of 10wt% PEI, two Tgs were observed at 24°C and 105°C which might be due to immiscibility of the 
components in the blend. However, with increasing PEI contents from 20wt% to 40wt%, a broad heat step was found 
at each composition suggesting partial miscibility of the blends, with Tgs increased from 136°C to 156°C, respectively 
due to higher PEI content with high Tg (217°C) compared with Tg of TAIC. Further increase in PEI content (60wt% 
of PEI), Tg slightly reduced to 144°C might be due to the higher miscibility of the 60PEI/40TAIC system compared 
with the blends with lower PEI contents. A few researchers reported that miscibility of thermoplastic and uncured 
thermoset blends depending on the compositions 2 and temperature. 13 The lower the Tgs of the blends compared with 



















Fig. 1. Dynamic DSC curve of various PEI/TAIC blends (re-heating) at 10°C/min 
Table 3.  Tg of various compositions of PEI/TAIC blends 
Blends Tg 









Selection of the most suitable reactive monomer to plasticize PEI based on miscibility and processability is 
very important to successfully improve processability of PEI in the presence of thermosetting monomer. Based on 
solubility parameter calculation, TAIC should be a miscible reactive plasticizer in PEI while other diallyl, triallyl and 
epoxy monomers considered in this study should be immiscible with PEI. However, blends of various concentrations 
of PEI and TAIC indicated that the blends immiscible at low PEI content but the miscibility improved with increasing 
amount of PEI in the blends. 
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